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EXTENDED ABSTRACT 

We study t h e  temperature dependence o f  t h e  e m i t t e r  s a t u r a t i o n  c u r r e n t  f o r  

b i p o l a r  dev ices by v a r y i n g  t h e  sur face recombinat ion v e l o c i t y  a t  t h e  e m i t t e r  

surface. 

t h a t  i s  i n  b e t t e r  agreement w i t h  other  d e t e r m i n a t i o n s  than were prev ious 

r e s u l t s  obta ined from t h e  temperature dependence measured on dev ices w i t h  

ohmic contacts .  

From t h i s  dependence we d e r i v e  a va lue f o r  t h e  bandgap narrowing 

We r e p o r t  r e s u l t s  o f  a f i r s t  d i r e c t  measurement o f  t h e  m i n o r i t y - c a r r i e r  

t r a n s i t  t i m e  i n  a t r a n s p a r e n t  h e a v i l y  doped e m i t t e r  l a y e r .  

ob ta ined by a h i g h - f  requency conductance method r e c e n t l y  devel oped and used 

f o r  low-doped S i .  

enables t h e  d e t e r m i n a t i o n  o f  t h e  q u a s i - s t a t i c  charge s t o r e d  i n  t h e  e m i t t e r  and 

t h e  q u a s i - s t a t i c  e m i t t e r  capacitance. 

from t h e  measured t r a n s i t  t ime,  t h e  va lue  f o r  t h e  m i n o r i t y - c a r r i e r  d i f f u s i o n  

c o e f f i c i e n t  and m o b i l i t y .  

e m i t t e r  o f  t h e  S i  p+-n-p b i p o l a r  t r a n s i s t o r .  

t h e  pos i t ion-averaged m i n o r i t y - c a r r i e r  d i f f u s i o n  c o e f f i c i e n t s  may be much 

smal l  e r  than t h e  corresponding major i  t y - c a r r i e r  va lues  f o r  e m i t t e r s  having a 

c o n c e n t r a t i o n  ranging from about 3 x 10'' 

The va lue was 

The t r a n s i t  t i m e  coupled w i t h  t h e  s teady-s ta te  c u r r e n t  

Using a t r a n s p o r t  model, we est imated,  

The measurements were done us ing  a h e a v i l y  doped 

The new r e s u l t  i n d i c a t e s  t h a t  

t o  1020 cmm3. 

We present  exper imental  evidence f o r  s i g n i f i c a n t l y  g r e a t e r  charge s to rage 

i n  h i g h l y  e x c i t e d  s i l i c o n  near room temperature than convent ional  theory  would 

p r e d i c t .  The experiments used low-doped c o l l  e c t o r  reg ions  o f  s i  1 i c o n  b i  po l  a r  

t r a n s i s t o r s  subjected t o  s t rong e l e c t r i c a l  e x c i t a t i o n s  y i e l d i n g  an e l e c t r o n -  

h o l e  plasma having e lec t ron-ho le -pa i r  d e n s i t i e s  up t o  about 4 x 1OI8 ~ m ' ~ .  As 

a p o s s i b l e  i n t e r p r e t a t i o n ,  we connect these f i n d i n g s  t o  a s i g n i f i c a n t  bandgap 

nar rowing  AEG ( =  80 meV a t  4 x 1OI8 

v a r i o u s  da ta  f o r  AEG i n  h e a v i l y  doped s i l i c o n .  

f o r  s i l i c o n  s o l a r  c e l l s  under concentrated i l l u m i n a t i o n .  

These d a t a  a r e  compared w i t h  

Impor tan t  i m p l i c a t i o n s  r e s u l t  
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1. COMMENTS ON DETERMINATION OF BANDGAP NARROWING 
FROM ACTIVATION PLOTS 

V r i  ous xpe r i men t a1 

m i  n o r i  t y  c a r r i e r  mobi 1 i t y  

t h a t  p l a y  a c e n t r a l  r o l e  

I. INTRODUCTION 

methods exi  s t  t o  determi  ne bandgap c o n t  a c t i o n  and 

and d i f f u s i v i t y  i n  h e a v i l y  doped s i l i c o n ,  parameters 

n c h a r a c t e r i  z i  ng p-n j u n c t i o n  diodes, t r a n s i  s t o r s  

and s o l a r  c e l l s .  Some methods use the recombinat ion c u r r e n t  i n  t h e  quasi -  

n e u t r a l  e m i t t e r  o f  a d iode o r  t r a n s i s t o r .  These f a l l  i n t o  two c a t e g o r i e s :  

( a )  those t h a t  assume e q u a l i t y  between t h e  m a j o r i t y  c a r r i e r  and m i n o r i t y  

c a r r i e r  m o b i l i t i e s  [1]-[4]; and (b)  those t h a t  avoid t h i s  assumption, which 

has been quest ioned [5],[6], by emphasi z i n g  t h e  temperature dependence of t h i s  

recombinat ion c u r r e n t  [7]. The 1 a t t e r  ca tegory  has produced va lues o f  bandgap 

r e d u c t i o n  cons iderab ly  l a r g e r  than the va lues d e r i v e d  from o t h e r  methods 

c11-c41 

I n  t h e  present  study, we use method (b ) ,  a t t e m p t i n g  t o  improve i t s  

accuracy by v a r y i n g  t h e  m i n o r i t y  c a r r i e r  s u r f a c e  recombinat ion v e l o c i t y  a t  t h e  

e m i t t e r  con tac ts  of o therw ise  n e a r l y  i d e n t i c a l  e m i t t e r s .  Th is  approach y i e l d s  

AEG = 133 f 6 meV (rn: = 1.45 mo) and AEG = 149 f 6 meV (m: = 1.1 mo) f o r  a 

Si:As e m i t t e r  having an approximately space independent doping c o n c e n t r a t i o n  

o f  1.0 x 1020 cme3. 

0.23 pin. 

w i t h  o t h e r  de terminat ions  than do those obta ined p r e v i o u s l y  by us us ing t h e  

temperature dependence o f  emi t t e r  recombinat ion c u r r e n t s  [7]. 

- 
LP - Also i t  y i e l d s  m i n o r i t y  c a r r i e r  d i f f u s i o n  length ,  

The va lue f o r  AEG obta ined by t h i s  method shows b e t t e r  agreement 
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11. A SIMPLE THEORY FOR THE INTERPRETATION 
OF THE EXPERIMENTAL RESULTS 

We cons ider  a u n i f o r m l y  doped quasi -neutra l  e m i t t e r  r e g i o n  (QNE: 

0 < x < WE) 

can be expressed as 

of a npn b i p o l a r  t r a n s i s t o r .  The e m i t t e r  s a t u r a t i o n  c u r r e n t  JSE 

D ( S  /D )L +tanh(WE/L ) 
= qn* P - L L  1+(S  /D  L tanh(WE/Lp 7 1  9 

“Deff  Lp P P I P  
JSE 

where S i s  t h e  sur face  recombinat ion v e l o c i t y  a t  x = WE, NDeff i s  t h e  

e f f e c t i v e  doping c o n c e n t r a t i o n  and other  symbols have t h e i  r usual meani ngs . 
For l a r g e  Sp ( S p  > Dp/W~),  (1) can be approximated as 

P 

D 
JsE(Sp + -) = q n i o  N~~~~ L~ coth(WE/Lp) . 

For smal l  S ( S  < W / T  ) ,  (1) has the f o l l o w i n g  assymptot ic  form: P P E P  

D 
JsE(Sp + 0) = tanh(W /L ) . 

q n i o  N~~~~ L~ E P  ( 3 )  

U s u a l l y  e f f o r t s  t o  separate NDeff and D have i n v o l v e d  measuring P 

J s E ( S ~  + a) f o r  devices w i t h  shal low e m i t t e r s  and ohmic contac ts  a t  x = WE. 

I n  t h e  a n a l y s i s  o f  these measurements, assumptions about t h e  values f o r  t h e  

m i n o r i t y - c a r r i e r  d i f f u s i o n  c o e f f i c i e n t  Dp were used, a l though t h e  v a l i d i t y  o f  

t h e s e  v a l  ues cannot be conf i rmed by d i  r e c t  measurement. 

We can avo id  these u n c e r t a i n t i e s  by measuring JSE f o r  a dev ice  w i t h  

Sp + 0 and WE < Lp. I n  t h i s  l i m i t ,  (1) reduces t o  

2 1 ‘E 
N D e f f  ‘p 

JSE(S~  + 0) = qn p- (4)  

6 
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By Sp + 0, we mean t h a t  Sp < WE/ ‘rP. I n  ( 4 ) ,  t h e  n e g l e c t  o f  t h e  su r face  

recombinat ion v e l o c i t y  a t  x = WE means t h a t  JSE i s  t h e  recombinat ion c u r r e n t  

w i t h i n  t h e  volume or  bu l k  of t h e  quas i -neut ra l  e m i t t e r .  Dz iewior  and Schmid 

[8] measured T from t h e  photoluminiscence decay e m i t t e d  f rom t h e  n-type b u l k  

s i l i c o n  a f t e r  e x c i t a t i o n  by a l a s e r  pulse, and showed t h a t  T i s  independent 

o f  temperature i n  t h e  range 300 K < T < 400 K. 

P 

P 
Therefore, t h e  temperature 

dependence o f  J S E ( S ~ +  0) i s  determined o n l y  by nio/NDeff  2 where 

n::, = NcNvexp( -EGI/kT) (5) 

i s  t h e  square o f  t h e  standard i n t r i n s i c  dens i t y ,  Nc and Nv a r e  t h e  e l e c t r o n  

and h o l e  e f f e c t i v e  d e n s i t y  o f  s t a t e s  and EGI i s  t h e  i n t r i n s i c  energy gap. 

temperature dependence of EG1 i s  [9] 

The 

EGI = EGI(0) - aT = 1.206 - 2.8 x 10-4T(eV) , 300 K < T < 400 K . (6)  

I n  ( 6 )  EGI(0) i s  t h e  l i n e a r l y  ex t rapo la ted  energy gap, which d i f f e r s  from t h e  

a c t u a l  energy gap o f  1.170 eV a t  0 K. Assuming t h e  r i g id -band  approximat ion 

and i n c l u d i n g  t h e  Fermi-Dirac s t a t i s t i c s ,  we can express NDef f  as 

where AEG i s  t h e  reduced bandgap energy, F1/2 i s  t h e  Fermi-Dirac i n t e g r a l  o f  

o r d e r  h a l f  and nc = (EF - E,)/kT. 

get t h e  f o l l o w i n g  r e l a t i o n :  

S u b s t i t u t i n g  ( 5 ) ,  ( 6 )  and ( 7 )  i n t o  ( 4 ) ,  we 
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Comparison o f  AEG measured by photoluminescence a t  10 K [ l o ]  and around room 

temperature [ll] shows t h a t  t h e  values o f  AEG a r e  temperature independent 

w i t h i n  an exper imental  accuracy o f  about k 10 meV. A s i m i l a r  temperature 

independence o f  A E ~  was observed 

t h e  second term i n  (8 )  can be neg ected. 

exp la ined i n  C71. 

n o p t i c a l  a b s o r p t i o n  exper iments [ 121. Thus 

Other d e t a i l s  f o r  e x t r a c t i n g  AEG a r e  

111. EXPERIMENTAL RESULTS AND DISCUSSIONS 

For our exper imenta l  study, the e m i t t e r  s a t u r a t i o n  c u r r e n t s  o f  two npn 

b i p o l a r  t r a n s i s t o r s  were measured i n  t h e  temperature range o f  300 K < T < 360 

K. 

1 x l o z o  
e m i t t e r  sur face and t h e  o t h e r  (device B) has a p o l y s i l i c o n  e m i t t e r  con tac t .  

The two t r a n s i s t o r s  have n e a r l y  u n i f o r m  e m i t t e r  doping p r o f i l e ,  NDD ND - - 
and WE = 0.18 pm, but  one ( d e v i c e  A) has an ohmic contac t  a t  t h e  

Al though t h e  mechanisms under ly ing  t h e  improved c u r r e n t  g a i n  and low 

s u r f a c e  recombinat ion v e l o c i t y  i n  t r a n s i s t o r s  w i t h  p o l y s i l i c o n  contac ts  a r e  

s t i l l  debated i n  t h e  l i t e r a t u r e ,  there i s  s u f f i c i e n t  evidence t h a t  t h e  s u r f a c e  

recombinat ion v e l o c i t y  a t  t h e  p o l y s i l i c o n  - monos i l i con  i n t e r f a c e  can be much 

s m a l l e r  than l o 4  cm/sec [13]-[15]. A recent  exper imenta l  s tudy by Neugroschel 

e t  a1 . [13], u s i n g  t e s t  s t r u c t u r e s  with p o l y s i  1 i c o n  e m i t t e r  c o n t a c t s  s i m i  1 a r  

t o  t h e  p o l y s i l i c o n  contact  o f  device B, est imated Sp * 1000 cm/sec. 

mentioned e a r l i e r ,  t h e  assumption S p a  r e q u i r e s  t h a t  Sp < W E / T ~  cm/sec, which 

i s  s a t i s f i e d  f o r  t h e  dev ice 5, as discussed above. 

As 
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i s  determined from t h e  r a t i o  o f  JSE f o r  dev ices A and 9 ,  JsE(Sp-)/JSE(Sp4) 

a t  t h e  same temperature.  

As a f i r s t  s tep  i n  our procedure, t h e  m i n o r i t y  h o l e  d i f f u s i o n  l e n g t h  L 

From ( 2 )  and (3), 

= WE/arccoth [J SE ( S  P -t -)/JSE(Sp+ 0)11/2 
LP 

. (9 )  

The measured r a t i o  o f  JsE(Sp -t 

deduced from (9) i s  about 0.23 ~JJTI. 

) /JsE(Sp + 0)  a t  300 K was 2.4, and Lp 

The band gap shr inkage AEG i s  obtained from t h e  temperature dependence o f  

dev ice  B us ing  (4) which y i e l d s  AEG = 149 f 6 meV f o r  an e l e c t r o n  e f f e c t i v e  

mass rnn = 1.1 mo; AEG = 133 f 6 meV f o r  mn = 1.45 m0. 

va lues of mn a r e  g i v e n  because o f  u n c e r t a i n t i e s  about t h e  a c t u a l  va lue  o f  mn 

* * The r e s u l t s  f o r  two 
* * 

c71 ,cm 
The above va lue f o r  AEG was der ived f rom t h e  a c t i v a t i o n  p l o t  o f  (4), an 

The measured v a l u e  

Thus, we have t o  i n v e s t i g a t e  t h e  

express ion  t h a t  i s  v a l i d  f o r  Sp << W / T  and W E / L ~  << 1. 

f o r  Lp i s  about 0.23 urn, i e ,  WE/L~ = 0.78. 

temperature dependence o f  (Dp/Lp) tanh(WE/Lp) i n  (3) . This  r e q u i r e s  an 

assumption about t h e  temperature dependence Of Dp. 

o f  a s e n s i t i v i t y  s tudy only ,  t h a t  Dp i s  p r o p o r t i o n a l  t o  T. 

assumption t h e  e r r o r  i n  AEG = 149 meV i s  about 4 meV f o r  Sp << W / T  

s e n s i t i v i t y  t o  S can be es tab l i shed by assuming Sp = lo4 cm/sec ( f o r  WE/Lp << 

1) which causes an e r r o r  of about 4 meV. 

and W E / L ~  5 1 f o r  t h e  dev ice  B were examined us ing  (1) and found t o  cause an 

e r r o r  o f  about t8 meV. 

temperature range used [l6] and was neglected. 

E P  

We assume, f o r  t h e  purpose 

Under t h i s  

The E P '  

P 

P 
The combined e f f e c t s  o f  f i n i t e  S 

The temperature dependence of m: i s  very  small  i n  t h e  

For  t h e  comparison o f  mr values f o r  AEG w i t h  o t h e r  exper imenta l  r e s u l t s ,  

c171. Assumi ng Maxwell - we c a l c u l a t e d  t h e  "apparent bandgap narrowing' '  AEEpp 

Boltzmann s t a t i s t i c s ,  i s  def ined as 
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NDef f = ND exp(-  A E ipp /kT)  . 
Therefore t h e  r e l a t i o n  between AEtPP and AEG i s  

AE:pp = AEG - kT ln[F1/2(Nc) exp(-Nc)] . 
* * 

Th is  g ives  AE:pp = 118 f 6 meV when mn = 1.1 mo o r  113 & 6 meV when mn = 

1.45 mo a t  300 K which are i n  c lose  agreement w i t h  t h e  pub l ished values o f  

AEzPP shown i n  [17, F ig .  11. 

I V .  CONCLUSIONS 

Transpor t  phenomena i n  t h e  heav i l y  doped s i l i c o n  were s tud ied  by 

measur ing t h e  e m i t t e r  s a t u r a t i o n  cur ren ts  f o r  t h e  npn t r a n s i s t o r s  w i t h  two 

d i f f e r e n t  types  o f  e m i t t e r  con tac ts :  ohmic contac ts  and p o l y s i l i c o n  contacts .  

From t h e  measurements we conclude t h a t  a t  ND = 1 x l o z o  Lp = * * 
0.23 m and AEG = 149 meV f o r  mn = 1.1 mo o r  AEG = 133 meV f o r  mn = 1.45 moo 

These r e s u l t s  c o r r e c t  t h e  prev ious  determinat ions [7]  t h a t  y i e l d e d  h ighe r  

va lues f o r  AEG. The devices e x h i b i t e d  IB a exp(qVBE/kT) dependence over  

severa l  decades o f  cu r ren t .  Thus no c o r r e c t i o n s  f o r  space-charge-region 

c u r r e n t  components were requi red,  which was no t  t h e  case before [7]. 

A s i m i l a r  approach employing the temperature dependence o f  t h e  e m i t t e r  

s a t u r a t i o n  c u r r e n t  t o  o b t a i n  bandgap narrowing appeared r e c e n t l y  i n  t h e  

conference l i t e r a t u r e  [18] w i t h  a d i f f e r e n t  d i scuss ion  o f  t h e  under l y ing  

assumptions than t h a t  g iven  i n  t h e  present study. 

paper d i f f e r s  from t h e  work of t h e  present s tudy because t h e  authors used a = 

3.5 i n s t e a d  of a = 3.0 i n  ( 8 ) ;  we base our choice o f  a on t h e  c o n d i t i o n  t h a t  

t h e  bu l  k recombi n a t i o n  exceeds t h e  s u r f  ace recombi na t  i on i n  t h e  s i  ng l  e - c r y s t a l  

s i l i c o n  (Sp < W, /T~) .  

I n  p a r t ,  t h i s  conference 

The method used here can be used t o  exp lo re  bandgap narrowi  ny f o r  va r ious  

dop i  ng c o n c e n t r a t i  ons. 
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2. TRANSIT TIME AND CHARGE STORAGE MEASUREMENTS IN HEAVILY DOPED EMITTERS 

I. INTRODUCTION 

I n  t h i s  work we analyze t h e  h e a v i l y  doped e m i t t e r  o f  a S i  b i p o l a r  

t r a n s i s t o r  us ing  bo th  t h e  steady s t a t e  and f requency responses. 

t r a n s p o r t  measurements invo lve ,  i n  most cases, t h e  measurement o f  on ly  t h e  

s teady-s ta te  recombi n a t i o n  c u r r e n t  i n  t h e  h e a v i l y  doped p a r t  o f  t h e  p-n 

j u n c t i o n  device.  

doped p+-emi t te r  i s  bounded by a surface w i t h  recombinat ion v e l o c i t y  S, f o r  

t h e  e l e c t r o n s .  

s m a l l e r  t h a n  t h e  e l e c t r o n  l i f e t i m e  T,,, i .e.  t h e  e m i t t e r  i s  t ransparent .  A 

d e t a i l e d  a n a l y t i c a l  t rea tment  o f  the t r a n s p a r e n t  e m i t t e r  w i t h  a r b i t r a r y  

p r o f i l e  NAA(x) was done by S h i b i b  e t  a l .  [l] who d e r i v e d  t h e  expressions f o r  

t h e  c u r r e n t  d e n s i t y  Jn and rt* 

below t h e  express ion f o r  Jn: 

The standard 

As an example, we cons ider  a p+-n j u n c t i o n  where t h e  h e a v i l y  

We a l s o  assume t h a t  t h e  e l e c t r o n  t r a n s i t  t i m e  Tt i s  much 

F o r  t h e  purpose o f  f u r t h e r  d iscuss ion,  we show 

q n i o  * exp [ ( q V / k T ) - l l  
J n -  w . I E N A e f f ( X )  dx + NAeff  ('E) 

- 

o D n ( X )  s" 

Equat ion ( 1 )  i s  i d e n t i c a l  t o  (8)  o f  [l] except t h a t  t h e  pos i t ion-dependent  

e l e c t r o n  d i f f u s i o n  c o e f f i c i e n t  Dn(x) i s  l e f t  i n s i d e  o f  t h e  i n t e g r a l .  I n  ( l ) ,  

nio i s  t h e  i n t r i n s i c  c a r r i e r  dens i ty ,  WE i s  t h e  t h i c k n e s s  of t h e  q u a s i n e u t r a l  

e m i t t e r  and NAeff i s  t h e  e f f e c t i v e  doping d e n s i t y  [Z]  NAeff = Po(x)(nio/nie)2 

= nTo/No(x) < Po(x) ,  where Po(x) = NAA(x) i s  t h e  h o l e  e q u i l i b r i u m  

c o n c e n t r a t i o n ,  N(x) i s  t h e  e q u i l i b r i u m  e l e c t r o n  concent ra t ion ,  and nie i s  t h e  

e f f e c t i v e  i n t r i n s i c  dens i ty .  

e f f e c t s ,  such as bandgap narrowing AEG, band-edge d i s t o r t i o n s ,  and c a r r i e r  

degeneracy. 

NAeff a r i s e s  f rom t h e  var ious  heavy doping 
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Del Alamo and Swanson [3] pointed o u t  t h a t  t h e  r a t i o  (NAeff/Dn) can be 

d i r e c t l y  measured and thus t h e  modeling o f  h e a v i l y  doped reg ions i s  p o s s i b l e  

w i t h o u t  knowi ng NAeff and Dn separa te ly  f o r  a steady s t a t e  c u r r e n t  and f o r  t h e  

dev ices w i t h  Sn + =, as (1) ind ica tes .  

t h i n  e m i t t e r s  i n  b i p o l a r  dev ices requi res,  however, a separa t ion  o f  t h e  

A complete q u a s i - s t a t i c  model ing of 

e m i t t e r  recombi n a t i  on c u r r e n t  i n t o  a q u a s i - s t a t i  c s t o r e d  charge Qn and 

re1 evant t i m e  cons tan ts  [l] 

Qn + -  Qn 

't r 
Jn = - 

n 

- 
where T~ = I N(x)dx/  dxN(x)/Tn(x) i s  t h e  average e l e c t r o n  l i f e t i m e  and 

-rt i s  t h e  e m i t t e r  t r a n s i t  t ime. 

p r e c i s e  va lue  o f  NAeff(x) i s  requi red even f o r  Sn- [I]. Thus, a complete 

q u a s i - s t a t i c  model ing o f  t h i n  e m i t t e r s  i n  b i p o l a r  dev ices does r e q u i r e  

0 0 - 
I n  o rder  t o  c a l c u l a t e  T,,, Tt and Qn, a 

decoup l ing  o f  Dn from NAeff. 

Recent ly,  an exper imental  technique f o r  a d i r e c t  measurement of rt i n  
- 

t r a n s p a r e n t  e m i t t e r s  w i t h  Tt << 'cn has been proposed and demonstrated [4,5]. 

This  enables t h e  c a l c u l a t i o n  o f  the q u a s i - s t a t i c  charge Qn = Jn T t  and t h e  

q u a s i - s t a t i c  e m i t t e r  capaci tance Cn = (q/kT)Qn, which i s  impor tan t  f o r  t h e  

model ing o f  t h e  t i m e  and frequency responses o f  a b i p o l a r  t r a n s i s t o r .  From 

t h e  measured va lue of T t ,  an average va lue  o f  Dn can be ob ta ined and t h e  

decoup l ing  of Dn f rom NAeff oecomes poss ib le .  

t h e  d e t e r m i n a t i o n  o f  Sn f o r  devices w i t h  non-ohmic contact ,  such as i n  

t r a n s i s t o r s  w i t h  p o l y s i l  i c o n  e m i t t e r  con tac t .  

T h i s  a l s o  a l lows,  u s i n g  ( l ) ,  

The decoupl ing i s  a l s o  very impor tant  f rom t h e  fundamental p o i n t  o f  v iew 

i n  o r d e r  t o  i d e n t i f y  and s tudy t h e  phys ica l  mechanism u n d e r l y i n g  t h e  

m i n o r i t y - c a r r i e r  t r a n s p o r t  i n  h e a v i l y  doped semiconductors, and t o  s tudy t h e i r  
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dependencies on doping, temperature,  f a b r i c a t i o n  c o n d i t i o n s ,  e tc .  

a t tempts t o  decouple D from Neff i nvo lved a number of assumptions [6-81, t h e  

v a l i d i t y  o f  which i s  d i f f i c u l t  t o  ascer ta in .  

E a r l i e r  

The method [4,5] f o r  measurement o f  -ct, a p p l i c a b l e  f o r  h e a v i l y  doped 

m a t e r i a l ,  i s  based on t h e  measurement o f  t h e  frequency dependence o f  t h e  

smal l -s igna l  e l e c t r o n  conductance Gn t h a t  g ives  a c h a r a c t e r i s t i c  corner  

( i n t e r s e c t )  f requency wI: 

w* = l / T t  ( 3 )  

The corner  f requency r e s u l t s  when the r e c i p r o c a l  o f  t h e  s i g n a l  f requency 

becomes comparable t o  t h e  h o l e  t r a n s i t  t i m e  Tt* 

I I .  EXPERIMENTAL RESULTS 

Measurement o f  Tt was done on a microwave t r a n s i s t o r  w i t h  a d i f f u s e d  

S i : B  e m i t t e r  w i t h  j u n c t i o n  depth xj = 0.31 m, sheet r e s i s t a n c e  o f  about 

100 Qlsquare, and sur face  concent ra t ion  NS '* 1 x lo2' 

d i f f u s e d  u s i n g  a s o l i d  boron n i t r i d e  source which y i e l d s  p r o f i l e s  c l o s e  t o  t h e  

e r f c  p r o f i l e  [SI. 

t h e  dev ice  area was A = 4.7 x 70 m2. 
t h e o r e t i c a l  dependencies o f  t h e  e m i t t e r  conductance versus frequency f = w/2n 

p l o t t e d  i n  normal ized scale.  

e m i t t e r  smal l -s igna l  i n p u t  admittance y i e  ob ta ined by a measurement o f  t h e  

S-parameters which were then converted t o  y-parameters by standard 

t r a n s f o r m a t i o n s  [lo]. The data were taken a t  25" C u s i n g  a Hewlet t -Packard 

8505A network analyzer .  

comple te ly  from t h e  recombinat ion i n  t h e  e m i t t e r  and f o l l o w s  t h e  t rea tment  

The boron was 

The t r a n s i s t o r  had ohmic metal  c o n t a c t  w i t h  l a r g e  Sn and 

F igure  1 shows t h e  measured and t h e  

The conductance i s  t h e  r e a l  p a r t  o f  t h e  common 

The r e a l  par t  o f  y i e  = g i e  + jbie r e s u l t s  almost 
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g iven i n  [4,5]. 

c o l l e c t o r  c u r r e n t  IC around VBE = 0.75 V, where bo th  IC and t h e  base c u r r e n t  

IB f o l l o w e d  t h e  i d e a l  exp(qVBE/kT) dependence. The exper imenta l  r e s u l t s  agree 

very w e l l  w i t h  t h e  t h e o r e t i c a l  curve shown as a s o l i d  l i n e .  The e x t r a p o l a t i o n  

of t h e  G a f1l2 p o r t i o n  o f  t h e  curve y i e l d s  an i n t e r c e p t  f requency fI = 70 MHz 

and t h e  t r a n s i t  t ime i s  from (3 ) :  'tt = 2.3 x 10'' s. 

c u r r e n t  d e n s i t y  a t  25°C was Jno = 8.8 x A/cm2. 

The measurements were performed a t  d i f f e r e n t  values of t h e  

The measured s a t u r a t i o n  

Hence, Qno = Jno'ct = 2 x 

C/cm 2 and Cno = 8 x F/cm2. These r e s u l t s  assumed t r a n s p a r e n t  

e m i t t e r  w i t h  Tt << Yn . 
Measurements a t  h i g h  f requencies can be i n f l u e n c e d  by p a r a s i t i c  e f f e c t s ,  

Th is  assumption w i l l  be j u s t i f i e d  below. 

i n  p a r t i c u l a r  by t h e  p a r a s i t i c  base r e s i s t a n c e  RB. Taking i n t o  account RB, 

t h e  i n p u t  conductance from t h e  h y b r i d  n model i s  gie = g, + w 2 2  C,RB, where g, 

and C, a r e  t h e  i n t r i n s i c  parameters. The measured v a l u e  o f  t h e  base 

r e s i s t a n c e  was RB 

t h a t  t h e  e r r o r  due t o  RB i s  o n l y  about 4% a t  300 MHz and complete ly  n e g l i g i b l e  

a t  lower  f requencies used i n  Fig. 1. To f u r t h e r  demonstrate t h a t  o t h e r  

p a r a s i t i c  e f f e c t s  o f  t h e  package are n o t  impor tan t  below 300 MHz, we show i n  

F ig .  2 t h e  locus  o f  t h e  i n p u t  admit tance i n  t h e  complex p lane as a f u n c t i o n  o f  

frequency. The locus  i s  a known semic i rc le ,  p rov ided t h a t  t h e  p a r a s i t i c  

e f f e c t s  are n e g l i g i b l e  c111. 

60 Q. Using t h e  measured values f o r  gie and C,, we f i n d  

DISCUSS I ON 

The main r e s u l t s  of t h i s  work are t h e  measured va lues f o r  'ct, Qn, and Cn 

r e p o r t e d  above. 

I n  t h e  concent ra t ions  ranging f rom about 

a weak f u n c t i o n  of NAA(x) [12,13]. Th is  r e s u l t s  because t h e  b u i l t - i n  f i e l d  

due t o  t h e  doping d e n s i t y  g r a d i e n t  i s  opposed by a q u a s i f i e l d  due t o  t h e  

To decouple Dn f rom NAeff r e q u i r e s  a d d i t i o n a l  approximat ions.  

t o  lo2' NAeff i s  o n l y  
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bandgap narrowing and t h e  e f f e c t i v e  f i e l d  a c t i n g  on m i n o r i t y  e l e c t r o n s  i s  

smal l .  Hence, assuming dNAeff/dx = 0 we o b t a i n  [l] 

- 
where Dn i s  the  pos i t ion-averaged m i n o r i t y - c a r r i e r  d i f f u s i o n  c o e f f i c i e n t  Dn = 

WE/ YE [ l /Dn(x) ]dx  which emphasizes small  va lues o f  Dn(x), occur ing  near t h e  
n 
U 

h e a v i l y  doped surface. Using t h e  measured Tt 2 2.3 s and WE 0.3 m, we 

2 o b t a i n  f rom ( 4 ) :  Dn - 0.2 cm / s  and iin = (q/kT)Dn - 8 cm /Vs. 

c a r r i e r  m o b i l i t y  corresponding t o  the peak s u r f a c e  c o n c e n t r a t i o n  o f  l ozo  cm-3 

i s  about pn = 60 cm2/Vs [14). 

- 2 - 
The m a j o r i t y -  

Numerical c a l c u l a t i o n s  f o r  a Gaussian p r o f i l e  

show t h a t  t h e  t r a n s i t  t i m e  depends on t h e  model used f o r  

Therefore,  t h e  " f i e l d - f r e e "  model dNAeff/dx 0 C121 y i e  

rough e s t i m a t e  o f  Dn. Nevertheless,  t h e  Val ues o b t a i  ned 

m i n o r i t y - c a r r i e r  d i f f u s i v i t i e s  and mobil  i t i e s  may be muc 

corresponding m a j o r i t y - c a r r i e r  values i n  a c o n c e n t r a t i o n  

- 

q $ x )  c11. 
d i n g  ( 4 )  g i v e s  o n l y  a 

suggest t h a t  t h e  

s m a l l e r  than t h e  

range from about 1019 

cmm3 t o  lozo ~ m - ~ .  

l o c a l i z e d  b a n d t a i l  s t a t e s  o f  t h e  m i n o r i t y  band was suggested as a p o s s i b l e  

mechanism causing t h e  low m i n o r i t y  c a r r i e r  m o b i l i t y  C8,15]. A q u a l i t a t i v e  

suppor t  f o r  t h e  t r a p - c o n t r o l l e d  m o b i l i t y  model was obta ined r e c e n t l y  by 

S c a t t e r i n g  and t r a p p i n g  of t h e  m i n o r i t y  c a r r i e r s  by t h e  

measuring t h e  a c t i v a t i o n  behaviour o f  p ( m i n o r i t y )  [16]. One t h e o r e t i c a l  

model, which does not  cons ider  t h e  e f f e c t s  o f  t h e  b a n d t a i l ,  p r e d i c t s  h i g h e r  

m i n o r i t y  c a r r i e r  mobi 1 i t y  than t h e  corresponding m a j o r i t y  c a r r i e r  va lues 

[17]. 

[18] o b t a i n e d  i n d i r e c t l y  f rom measured d i f f u s i o n  l e n g t h  and Auger l i f e t i m e  of 

D z i e w i o r  and Schmid [19], but  i s  smal ler  than t h e  r e s u l t s  o f  d e l  Alamo e t  a l .  

[20] who measured both d i f f u s i o n  length  and l i f e t i m e .  Since i s  now 

Our va lue i s  i n  good agreement w i t h  t h e  r e s u l t s  o f  Burk and de La Tor re  
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determined, ( 1 )  y i e l d s  NAeff = 2 x 1017 C K 3  f o r  t h e  p+ e m i t t e r ;  N A e f f / i n  

agrees w i t h  d a t a  i n  [ Z l ] .  F u r t h e r  ana lys is  of t h e  f a c t o r s  de termin ing  NAeff, 

which i n c l u d e  t h e  bandgap narrowing, can be based on t h e  va lue  obtained, w i t h  

a d d i t i o n a l  assumptions. 

To check t h e  c o n d i t i o n  rt << Yn, r e q u i r e d  f o r  t ransparency, we use t h e  

NAef f /Dn da ta  o f  Slotboom and OeGraaf [21] f o r  p+ s i l i c o n  and assume t h a t  t h e  

e l e c t r o n  l i f e t i m e  i n  t h e  h e a v i l y  doped p+ e m i t t e r  i s  dominated by t h e  Auger 

process f o r  which r n ( x )  = 'cA(x) = 1/cpP2,(x), where cP = 9.9 x 10-32 cm6s-1 

[19]. 

cm2/s. The m a j o r i t y  c a r r i e r  va lue  of in * Is gives 00015* The 

t ransparency o f  t h e  e m i t t e r  s tud ied i s  thus  assured. The e r r o r  i n  o b t a i n i n g  

from fI i n  F ig .  1 f o r  rt/Yn = 0.15 i s  o n l y  about 1.5% [5]. 'n 
f requency conductance method used here appl i es f o r  f requencies 

f > 10/2nr  > 100 MHz [4], which i s  s e l f - c o n s i s t e n t  w i t h  t h e  G = f1j2 range i n  

Fig.  1. 

- 
From a numerical  s i m u l a t i o n  we f i n d  t h a t  rtt/?,, = 0.15 f o r  Dn = 0.2 

2 

The h igh-  

- 
n -  N 

SUMMARY 

The t r a n s i t  t i m e  T t  of m i n o r i t y  c a r r i e r s  across t h e  t h i n  and h e a v i l y  

doped p+ e m i t t e r  o f  b i p o l a r  t r a n s i s t o r  was d i r e c t l y  measured u s i n g  a 

h igh- f requency dependence of a smal l -s igna l  i n p u t  admit tance. The t r a n s i t  

t ime,  coupled w i t h  (Nef f /D) ,  which i s  determined f rom measured steady s t a t e  

c u r r e n t ,  a l l o w s  a complete q u a s i - s t a t i c  c h a r a c t e r i z a t i o n  o f  t h e  m i n o r i t y  

c a r r i e r  t r a n s p o r t  i n  t h i n  h e a v i l y  doped e m i t t e r s  under bo th  steady s t a t e  and 

t r a n s i e n t  e x c i t a t i o n s .  

d i f f u s i o n  c o e f f i c i e n t  and m o b i l i t y  i n  t h e  h e a v i l y  doped m a t e r i a l  was a l s o  

est imated . 

The weighted average va lue  f o r  t h e  m i n o r i t y  c a r r i e r  

18 
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The frequency response of t h e  conductance can a l s o  be a p p l i e d  f o r  a 

narrow p+ o r  n+ reg ion  contacted by a l a y e r  w i t h  low recombinat ion v e l o c i t y  S 

i n s t e a d  of an ohmic contac t .  An example i s  a p o l y s i l i c o n  e m i t t e r  contact .  

The a n a l y s i s  t h a t  can be used for t h i s  case t o  reveal  t h e  b u l k  and sur face  

parameters of h e a v i l y  doped e m i t t e r s  w i  11 be pub l ished elsewhere t o g e t h e r  w i t h  

a t rea tment  t h a t  avoids t h e  f i e l d - f r e e  approximat ion.  

19 
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SECTION 2 FIGURE CAPTIONS 

Fig.  1 I n p u t  conductance o f  b i p o l a r  t r a n s i s t o r  versus frequency. The 

s o l i d  l i n e  shows t h e  t h e o r e t i c a l  curve  f o l l o w i n g  G a fl/* a t  h i g h  

frequencies. 

70 MHz and Tt .̂ 2.3 x l o - ’  s f o r  t h e  0.3 W’I t h i c k  e m i t t e r .  

The e x t r a p o l a t i o n  o f  t h e  t h e o r e t i c a l  l i n e  y i e l d s  fI = 

F ig.  2 The locus  o f  t h e  common-emitter i n p u t  admit tance i n  a complex p lane 

as a f u n c t i o n  o f  frequency f o r  t h e  t r a n s i s t o r  from Fig.  1. 
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3. EVIDENCE FOR EXCESS CARRIER STORAGE IN ELECTRON-HOLE PLASMA 
IN SILICON TRANSISTORS 

H i  gh-densi t y  e l  ec t ron-ho le  (e-h) p l  asmas occur f r e q u e n t l y  i n  

semiconductor dev ice  and i n t e g r a t e d - c i r c u i t  a p p l i c a t i o n s ;  examples i n c l u d e  

plasmas i n  p / i / n  diodes and i n  t h e  c o l l e c t o r  reg ions  o f  b i p o l a r  t r a n s i s t o r s  

sub jec ted  t o  h i g h  c u r r e n t s  [1,2]. Among t h e  more recent  a p p l i c a t i o n s  are 

those i n v o l v i n g  f a s t  ( -  1 ps) p h o t o c o n d u c t i v i t y  swi tches [3,4]. Rice and 

co-workers [5] have reviewed p r o p e r t i e s  o f  such plasmas a t  - 4 K, where a 

phase t r a n s i t i o n  leads t o  e-h d r o p l e t s  and a r i g i d  s h i f t  of t h e  conduct ion and 

valence band t h a t  y i e l d s  a narrowing of t h e  bandgap. This  AEG, r e s u l t i n g  f rom 

i n t e r a c t i o n s  among t h e  c a r r i e r s  cont ras ts  w i t h  t h e  AEG occur ing  i n  h e a v i l y  

doped semiconductors, where such i n t e r a c t i o n s  combine w i t h  i m p u r i t y  and band- 

t a i l  f o r m a t i o n  t o  produce t h e  e f f e c t .  Recent ly,  Abram e t  a1 [6] extended 

many-body t h e o r y  t o  i n c l u d e  t h e  case o f  an e-h plasma y i e l d i n g  e q u i v a l e n t  

r e s u l t s  t o  those o f  R ice  [5] a t  T = 0 K. The bandgap shr inkage was d i r e c t l y  

observed between 77 K and 300 K i n  AlGaAs -GaAs h e t e r o j u n c t i o n  l a s e r s  [7]. 

The l a s i n g  peak energy was found t o  be below t h e  nominal m a t e r i a l  bandgap and 

increased w i t h  i n c r e a s i n g  c a r r i e r  concentrat ions.  

I n  t h e  present  paper, usi ng an e l  e c t r i  c a l  l y  e x c i t e d  j u n c t i  on dev i  ce, we 

present  s t r o n g  exper imental  evidence f o r  t h e  e x i s t e n c e  of e l e c t r o n  and h o l e  

concent ra t ions  a t  T = 300 K i n  h i g h l y  e x c i t e d  S i  (N = P > 1017km3) t h a t  

markedly exceed N and P p r e d i c t e d  t r a d i t i o n a l l y .  T h i s  excess we then 

i n t e r p r e t  as evidence f o r  AEG i n  the e-h plasma, and we determine t h e  

dependence, AEG = f(N,P). 

f o r  t h e  o p e r a t i o n  o f  severa l  semiconductor devices.. 

F i n a l l y  we i n d i c a t e  i m p l i c a t i o n s  o f  these f i n d i n g s  

I n  t h e  experiment, we apply  a forward vo l tage V t o  vary N = P and produce 

t h e  plasma i n  t h e  low-doped (ND - 1016/cm3) n-type base of a p+/n/n+ d e v i c e  



( F i g .  l a ) .  

( N  3 p >> N D ) ,  we assume: ( a )  t h e  ambipolar d i f f u s i o n  l e n g t h  L g r e a t l y  exceeds 

t h e  base t h i c k n e s s  W; ( b )  v a r i a t i o n s  w i t h  p o s i t i o n  x o f  t h e  e l e c t r o n  and h o l e  

quasi-Fermi l e v e l s  across t h e  n-region a r e  small  compared w i t h  kT; ( c )  

recombinat ion losses i n  t h e  p+ and n+ reg ions  c o n t r i b u t e  n e g l i g i b l y  t o  t h e  

observed c u r r e n t .  Thus f o r  t h e  quas ineut ra l  base 

To i n t e r p r e t  t h e  measured I ( V )  c h a r a c t e r i s t i c  f o r  h i g h  i n j e c t i o n  

where A means excess dens i ty ,  subscr ip t  o means e q u i l i b r i u m ,  F i s  t h e  Fermi 

i n t e g r a l  o f  o rder  1/2, qC and TI,, a r e  t h e  reduced, normal ized quasi-Fermi 

energ ies,  and ni i s  t h e  i n t r i n s i c  densi ty .  

From a procedure o u t l i n e d  below, we can separate f rom t h e  measured 

c u r r e n t  t h a t  component I due t o  t h e  van ish ing  o f  ho les  and e l e c t r o n s  i n  t h e  

quasi  n e u t r a l  base: 

w 
( 3 )  I = Q / T  = e I ( 1 / ~ )  ANdx = eW AN/T  , AN = AP 

0 

where T i s  a combinat ion o f  t h e  t r a n s i t  t i m e  and t h e  recombinat ion l i f e t i m e ,  

t h e  l a t t e r  of which i s  a weak (non-exponent ia l )  f u n c t i o n  o f  V .  F o r  AEG = 0, 

(1) through (3 )  y i e l d  t h a t  t h e  e l e c t r o n  and h o l e  d e n s i t y  and t h e  c u r r e n t  a l l  

a r e  p r o p o r t i o n a l  t o  exp(eV/mkT) where m = 1 f o r  low i n j e c t i o n  and m = 2 f o r  

h i g h  i n j e c t i o n .  I f ,  however, AEG > 0 and h i g h  i n j e c t i o n  p r e v a i l s ,  then (1) 

th rough ( 3 )  i m p l y  t h a t  m = f (V)  < 2. 
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Thus de terminat ion  o f  m by exper imental  observa t ion  o f  I(V) w i l l  dec ide 

t h e  presence o r  absence of  AEand i t s  dependence on N and P. 

exper iment we used var ious  n /p  /n/n+ microwave t r a n s i s t o r s .  

shor ted  t h e  n+ e m i t t e r  and s u b c o l l e c t o r  reg ions o r  l e f t  t h e  n+ e m i t t e r  open 

For  t h e  

We e i t h e r  + +  

c i r c u i t e d ,  w i t h  equ iva len t  r e s u l t s .  

he lped enable separa t ion  o f  t h e  c u r r e n t  components, which y i e l d e d  I o f  t h e  

n - c o l l e c t o r  (which i s  t h e  base o f  the i d e a l i z e d  dev ice  of Fig.  1). F u r t h e r  

separa t ing  I = Q / T  i n t o  Q and T l e d  t o  t h e  dependence o f  A N  = AP on V shown i n  

Fig.  2.  

Use o f  a t r a n s i s t o r  i n s t e a d  o f  a d iode 

That N and P thus determined markedly exceeds N and P from customary 

t h e o r y  (eqs. 1 and 2 w i t h  AEG = 0) c o n s t i t u t e s  i n d i r e c t  p roo f  t h a t  AEc > 0 i n  

t h e  e-h plasma. For h i g h  i n j e c t i o n  we see t h a t  m ( V )  i s  a decreas ing f u n c t i o n  

o f  V, ranging between about 1.4 and 1.1. F u r t h e r  we determine t h e  

exper imenta l  dependence o f  AEG on N = P. 

paper. 

These are  t h e  main f i n d i n g s  o f  t h i s  

It remains now t o  f i l l  i n  d e t a i l s  o f  t h e  exper imental  procedure t h a t  l e d  

t o  t h e  r e s u l t s  d isp layed i n  Fig.  2. 

As a f i r s t  step i n  t h e  measurement procedure, we demonstrate t h a t  t h e  

t r a n s i s t o r  shown i n  Fig.  l ( c )  reduces t o  t h e  d iode s t r u c t u r e  (p+/n/n+) o f  

F i  g . 1 ( a ) .  

base c u r r e n t  and us ing  t h e  base-width modu la t ion  technique [8I we determine 

t h a t  t h e  recombinat ion c u r r e n t  i n  the n+/p+ e m i t t e r  and base reg ions i s  much 

s m a l l e r  than t h a t  i n  t h e  quasineutra l  (n/n+) c o l l e c t o r .  Second, f rom 

measuring T as d e f i n e d  i n  ( 3 )  and the e f f e c t i v e  sur face recombation v e l o c i t y  S 

near t h e  n/n+ i n t e r f a c e  us ing  t h e  method o f  Ref. 9, we determine S << D/W, 

where D i s  t h e  ambipolar d i f f u s i v i t y :  S < lo4 cm/s and D/W = 6 x lo4 cm/s 

( W  = 2.7 pm). 

>> W ;  t h u s  

From compari ng forward-act  i ve and reverse-act  i ve measurements o f  

Using again t h e  method o f  Ref. 9,  we determine t h a t  L > 10 rm 
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AP(W) ‘v > AP(O)/[1 + S/(D/W)l 2 0.85 AP(0) ( 4 )  

which means t h a t  t h e  excess e l e c t r o n  and h o l e  concen t ra t i ons  are n e a r l y  

x- independent, as i l l u s t r a t e d  i n  F i g .  l ( b )  . 
The fo rego ing  demonstrates t h a t  I i n  (3) desc r ibes  t h e  n - c o l l e c t o r  r e g i o n  

f o r  which t h e  n/n+ j u n c t i o n  i s  cha rac te r i zed  by S. Determinat ion  o f  t h e  t ime  

cons tan t  T i n  ( 3 )  w i l l  thus reveal  AP = AN as a f u n c t i o n  o f  V, as i l l u s t r a t e d  

i n  Fig.  2. The measurement o f  T was accomplished i n  two ways. F i r s t ,  f rom 

T = Q/I f o r  V = 800 mV where h i g h  i n j e c t i o n  p r e v a i l s  bu t  where AEG i s  

n e g l i g i b l e ;  v a r i a t i o n  o f  V i n  t h i s  range y i e l d e d  n e g l i g i b l e  changes i n  T. 

Second, we used t h e  s w i t c h i n g  technique o f  Ref. 10. Both methods y i e l d e d  

T = 5 x s, which i s  much smaller than t h e  concentrat ion-dependent Auger 

l i f e t i m e  C113. 

The t ime  cons tan t  T can be much s m a l l e r  than t h e  recombinat ion l i f e t i m e  

and depends on S. Since S increases w i t h  AN = AP f o r  h i g h  i n j e c t i o n ,  T 

decreases w i t h  V u n t i l  AN = AP - Neff - 10l8 ~ m - ~ ,  t h e  doping d e n s i t y  o f  t h e  

n+ subs t ra te  c o r r e c t e d  f o r  AEG. 

S becomes n e a r l y  independent of V : S+Sma, = (Dp/Lp) < lo4 cm/s o f  t h e  n+ 

subs t ra te .  Th is  was v e r i f i e d  by experiment us ing  t h e  method o f  Ref. [9]. 

By combining AN = AP w i t h  ( l ) ,  we determine AEG as p l o t t e d  i n  Fig. 3. 

Thus f o r  V > 0.8 V and AN = AP > 1017 

We 

i l l u s t r a t e  t h e  good agreement o f  our da ta  w i t h  t r a n s p o r t  data [12,131 a t  

T = 300 K f o r  h e a v i l y  doped S i  ; t h a t  our da ta  l i e s  above t h a t  f o r  h e a v i l y  

doped S i  i s  expected (see f o r  example Ref. 6)  because l a r g e  numbers of ho les  

and e l e c t r o n s  both are present i n  our experiment. 

i n c l  uaes recent  photo1 umi nescent data [14-161 even though t h e  re1  a t i o n  between 

these da ta  ( a t  T = 5 K )  w i t h  ours (at  T = 300 K) may not be c l e a r  because o f  

For completeness F ig .  3 

t h e  e f f e c t s  o f  l a t t i c e  v i b r a t i o n s .  
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We have a so s t u d i e d  temperature dependence o f  t h e  e f f e c t  i n  the  77 K-300 

K range. Lower ng T inc reases  t h e  s e n s i t i v i t y  t o  AEG i n  t h e  n-region, b u t  i t  

a l s o  inc reases  recombinat ion i n  the  n+ e m i t t e r  and s u b s t r a t e  regions. 

i n t e r p r e t a t i o n  f o r  T < 300 K becomes more d i f f i c u l t .  

i n d i c a t e  t h a t  AEG decreases w i t h  decreasing T. 

Thus 

The p r e l i m i n a r y  r e s u l t s  

To complete our ana lys is ,  we reconsider t h e  approximat ions ( a )  th rough 

( c )  under l y ing  our i n t e r p r e t a t i o n .  The preced ing  d i s c u s s i o n  has a1 ready 

j u s t i f i e d  ( a )  and ( c ) .  An upper bound f o r  t h e  v a r i a t i o n  w i t h  x o f  t he  

e l e c t r o n  and ho le  quasi-Fermi l e v e l s  i s  determined from t h e  t o t a l  c u r r e n t  

which prov ides  an upper bound on the two p a r t i c l e  c u r r e n t s .  

quasi-Fermi l e v e l s  i s  l e s s  than I /uN o r  I / D P ,  which i s  about 1 mV/m f o r  

standard values o f  m o b i l i t i e s  f o r  N,, = 10l6 ~ m ' ~ ;  t h i s  g ives a change o f  l e s s  

than  3 mV (<< kT/e) across the  c o n d u c t i v i t y  modulated n-region. 

The slope o f  t h e  

Th is  i m p l i e s  t h a t  t h e  v a r i a t i o n  o f  t h e  e l e c t r i c  p o t e n t i a l  across t h e  

n- reg ion  i s  n e g l i g i b l e ,  bu t  does not r u l e  out  t h e  i n f l u e n c e  o f  o t h e r  

r e s i s t a n c e  drops such as those a t  the contacts.  A c o r r e c t i o n  f o r  small IR 

drops was accomplished us ing  a method f i r s t  proposed by G i a c c o l l e t t o  C171. 

The f a c t  t h a t  a s i z a b l e  AEG e x i s t s  a t  plasma d e n s i t i e s  - 10l8 ~ m ' ~  has 

impor tan t  device i m p l i c a t i o n s .  

s w i t c h i n g  b i p o l a r  t r a n s i s t o r s  opera t ing  a t  b iases  l a r g e r  than about 0.8 V. 

For s w i t c h i n g  t r a n s i s t o r s  the  i m p l i c a t i o n  i s  t h a t  a low-doped c o l l e c t o r  s t o r e s  

a s i g n i f i c a n t l y  l a r g e r  amount o f  charge than c o n v e n t i o n a l l y  thought.  The e-h 

plasma e f f e c t s  are a l s o  impor tan t  i n  t h e  space-charge-region o f  a p/n j u n c t i o n  

under h i g h  forward vo l tage  where huge q u a n t i t i e s  of bo th  e l e c t r o n s  and ho les  

a re  present.  The presence o f  bandgap shr inkage may modify t h e  ana lys i s  o f  

mechanisms u n d e r l y i n g  current- induced base widening i n  b i p o l a r  t r a n s i s t o r s  

c18,19]. 

c e l l s  under h i g h l y  concentrated i l l u m i n a t i o n .  

Such d e n s i t i e s  occur i n  p / i / n  devices and i n  

It can p l a y  a r o l e  i n  determining t h e  convers ion  e f f i c i e n c y  o f  s o l a r  
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I n  t h i s  s h o r t  note we have presented evidence f o r  s i g n i f i c a n t l y  g r e a t e r  

h o l e  and e l e c t r o n  charge i n  an e l e c t r o n - h o l e  plasma a t  room temperature than 

convent iona l  t h e o r y  would p r e d i c t .  I n t e r p r e t e d  as r e s u l t i n g  f rom bandgap 

narrowing, t h i s  e x t r a  charge g ives values o f  AEG t h a t  a re  somewhat g rea ter  

t h a n  those observed from photoluminescence and t r a n s p o r t  da ta  on h e a v i l y  

doped S i .  

.. .. .~. . I,. . 
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SECTION 3 FIGURE CAPTIONS 

Fig.  1 ( a )  Schematic i l l u s t r a t i o n  o f  a p+/n/n+ s t r u c t u r e  used f o r  t h e  

a n a l y s i s .  

P r o f i l e  o f  excess charges i n  t h e  n-type base. ( b )  

( c )  Schematic i l l u s t r a t i o n  o f  t h e  n + +  / p  /n/n+ t r a n s i s t o r  used i n  

experiments. 

Fig. 2 The excess charge AP = AN i n  t h e  n-reg ion o f  t h e  t r a n s i s t o r  o f  

F ig .  l ( c )  versus t h e  vo l tage V a p p l i e d  t o  t h e  p+/n j u n c t i o n .  

s o l i d  l i n e  i s  t h e  t h e o r e t i c a l  dependence f o r  AEG = 0. 

a r e  t h e  measured p o i n t s  (T = 298 K)  ob ta ined from t h e  measured 

c u r r e n t  I using (3) .  

The 

The c i r c l e s  

Fig. 3 Bandgap narrowing as a f u n c t i o n  o f  t h e  e l e c t r o n  o r  h o l e  

concent ra t ion .  The open c i r c l e s  a r e  t h e  r e s u l t s  o f  t h i s  work f o r  t h e  

e-h plasma a t  T = 298 K; , A ,  , A are  t h e  photoluminesce d a t a  a t  

T = 4 K f o r  t h e  n+ and p+ h e a v i l y  doped S i ;  + and * a r e  t h e  t r a n s p o r t  

d a t a  a t  T = 300 K f o r  p+ and n+ S i .  
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